Background/Aims: The oxidative stress-responsive kinase 1 (OSR1) and the serine/threonine kinases SPAK (SPS1-related proline/alanine-rich kinase) are under the control of WNK (withno-K [Lys]) kinases. OSR1 and SPAK participate in diverse functions including cell volume regulation and neuronal excitability. Cell volume and neuronal excitation are further modified by the large conductance Ca 2+ -activated K + channels (maxi K + channel or BK channels). An influence of OSR1 and/or SPAK on BK channel activity has, however, never been shown. The present study thus explored whether OSR1 and/or SPAK modify the activity of BK channels. 
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Introduction
OSR1 (oxidative stress-responsive kinase 1) [1, 2] and SPAK (SPS1-related proline/ alanine-rich kinase) [3] [4] [5] are serine/threonine kinases contributing to the regulation of ion transport and blood pressure [6] . These kinases are phosphorylated by WNK (with-no-K[Lys]) kinases [3, [7] [8] [9] [10] , which thus similarly impact on ion transport and blood pressure [9] [10] [11] [12] [13] [14] [15] [16] [17] . SPAK and OSR1 regulate several carriers [18] [19] [20] [21] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . Functions sensitive to WNK-OSR1/SPAK kinases include neuronal excitability [32, 46] . The influence of the kinases on neuroexcitability is in part attributed to stimulation of NKCC dependent Cl -uptake and inhibition of KCC dependent Cl -exit leading to an increase of intracellular Cl -concentration and thus to a decrease of the Cl -gradient across the cell membrane [32, 46] . A decreased Cl -gradient dissipates the hyperpolarization following activation of Cl -channels by the inhibitory neurotransmitter GABA and thus increases neuronal excitability [47] .
Ion channels implicated in the regulation of neuronal excitability include the large conductance Ca 2+ -activated K + channels (maxi K + channel or BK channels) . Moreover, BK channels contribute to cell volume regulation [71] [72] [73] .
The present study thus explored, whether OSR1 and/or SPAK modify the activity of BK channels. To this end, the Ca 2+ insensitive BK channel mutant BK M513I+Δ899-903 was expressed in Xenopus laevis oocytes without or with additional expression of wild type and mutant OSR1 or SPAK. The BK channel activity in those oocytes was determined by dual electrode voltage clamp.
Materials and Methods
Ethical Statement
All experiments conform with the 'European Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes' (Council of Europe No 123, Strasbourg 1985) and were conducted according to the German law for the welfare of animals and the surgical procedures on the adult Xenopus laevis frogs were reviewed and approved by the respective government authority of the state Baden-Württemberg (Regierungspräsidium) prior to the start of the study (Anzeige für Organentnahme nach §36).
Constructs
Constructs encoding mouse Ca
2+
-insensitive BK channel (BK M513I+Δ899-903 ) [74, 75] [7] , were used for generation of cRNA as described previously [77, 78] . The constructs were a kind gift from Dario Alessi (University of Dundee).
Voltage clamp in Xenopus laevis oocytes
Xenopus laevis oocytes were prepared as previously described [79, 80] . 20 ng cRNA encoding BK channels and 10 ng of cRNA encoding wild-type, constitutively active or inactive kinase were injected on the same day after preparation of the oocytes. The oocytes were maintained at 17°C in ND96-A, a solution containing (in mM): 88.5 NaCl, 2 KCl, 1 MgC1 2 , 1.8 CaC1 2 , 2.5 NaOH, 5 HEPES, 5 Sodium pyruvate, Gentamycin (100 mg/l), Tetracycline (50 mg/l), Ciprofloxacin (1.6 mg/l), Theophiline (90 mg/l) and titrated to pH 7.4 by addition of NaOH. The voltage clamp experiments were performed at room temperature 3 days after the first injection. BK channel currents were elicited every 1 s with 1 s pulses from -150 to +190 mV in 2 s increments of 20 mV steps from a holding potential of -60 mV. The data were filtered at 1 kHz and recorded with a Digidata A/D-D/A converter (1322A Axon Instruments) [81, 82] . The Clampex 9.2 software was used for data acquisition and analysis (Axon Instruments) [82] [83] [84] . The control superfusate (ND96) contained (in mM): 93.5 NaCl, 2 KCl, 1.8 CaCl 2 , 1 MgCl 2, 2.5 NaOH and 5 HEPES, pH 7.4. The flow rate of the superfusion was approx. 20 ml/min, and a complete exchange of the bath solution was reached within about 10 s [85, 86] .
Mice
Total lymphocytes and CD19
+ B cells were used for the cell volume and BK channel protein expression experiments respectively from 8-12 weeks old male gene-targeted mice expressing WNK-insensitive SPAK (spak tg/tg ) and age-and sex-matched wild-type (spak wt/wt ) [87] . The mice had free access to water and control food (SSniff, Soest, Germany).
Flow cytometry of BK channel surface protein abundance and cell volume of lymphocytes
To stain the CD19 + B cells or to measure the cell volume, spleen and lymph nodes were collected from the mice and macerated using syringe plunger. The cell suspension was centrifuged at 600 x g at 4°C for 5 minutes and cells pellet was treated with RBC lysis buffer for 1 minute and then washed for three times with 10% RPMI1640 media. After washing, 1 x 10 6 cells were cultured in the presence and absence of Iberiotoxin (50 nM) (Abcam, UK) for 4 hours and then stained with 0.5 μg antibodies per sample [original concentrations: 0.2 μg/μl anti-CD4-APC (eBioscience, Germany), anti-CD19-PE (eBioscience, Germany) and BK rabbit anti-mouse antibodies (Alomone labs, Israel)] in 50 μl 1 x DPBS (Sigma, Germany) for 30 minutes in the dark. The cells were washed and 0.2 μl Goat anti-Rabbit IgG-FITC (eBioscience Germany) in 50 μl of 1 x DPBS was added and incubated for another 30 minutes in the dark. The cells were washed twice with 1 x DPBS and added 200 μl of DPBS. The cell suspension was centrifuged at 600 x g for 5 minutes at room temperature. Cells were immediately acquired using BD FACSCalibre™ (BD Bioscience, Heidelberg, Germany) flow cytometry and data were analysed by Flowjo (Treestar, USA). For cell volume experiments (FSC), total lymphocytes were directly taken from the cultured plate and acquired for flow cytometry.
Statistical analysis
Data are provided as means ± SEM, n represents the number of oocytes or mice investigated. As different batches of oocytes may yield different results, comparisons were always made within a given oocyte batch. All voltage clamp experiments were repeated with at least 3 batches of oocytes; in all repetitions qualitatively similar data were obtained. Data were tested for significance using ANOVA or unpaired t-test, as appropriate. Results with p < 0.05 were considered statistically significant.
Results
The present study explored the effect of OSR1 (oxidative stress-responsive kinase 1) and/or SPAK (SPS1-related proline/alanine-rich kinase) on large conductance Ca 2+ -activated K + channels (maxi K + channel or BK channels). To this end, cRNA encoding Ca
2+
-insensitive BK channel (BK M513I+Δ899-903 ) was injected into Xenopus oocytes with or without additional injection of cRNA encoding wild-type or mutant kinases. The voltage-gated K + current was determined by dual electrode voltage clamp experiments.
As shown in Fig. 1 , large voltage-gated K + currents were observed in oocytes injected with cRNA encoding BK M513I+Δ899-903 and, to a lesser extent, in water-injected oocytes. The 
additional injection of cRNA encoding wild-type OSR1 was followed by significant decrease of the voltage-gated current.
As illustrated in Fig. 2 , the effect of wild-type OSR1 was mimicked by the constitutively active T185E OSR1, but not by catalytically inactive D164A OSR1. Similar observations were made with SPAK. As illustrated in Fig. 3 , the sizeable voltagegated current in BK M513I+Δ899-903 -expressing Xenopus oocytes was recorded. The additional injection of cRNA encoding wild-type SPAK was followed by a slight but significant decrease of the voltage-gated current. is shown (not to scale). Currents were activated by depolarization from -150 to +190 mV from a holding potential of -60 mV. B: Arithmetic means ± SEM (n = 24-25) of the current (I) as a function of the potential difference across the cell membrane (V) in Xenopus oocytes injected with water (black diamonds) or expressing BK without (white squares) or with (black triangles) additional co-expression of wild-type OSR1. C: Arithmetic means ± SEM (n = 24-25) of the conductance calculated by linear fit of I/V-curves shown in B between 130 mV and 190 mV in Xenopus oocytes injected with water (dotted bar), or expressing BK without (white bar) or with (black bar) additional co-expression of wild-type OSR1. ** (p<0.01), *** (p<0.001) indicates statistically significant difference from oocytes expressing BK alone.
As illustrated in Fig. 4 , the effect of wild-type SPAK was mimicked by the constitutively active SPAK. An additional series of experiments was performed to address whether SPAK impacts on BK protein abundance and/or cell volume regulation in mammalian hematopoietic cells. Utilizing flow cytometry, BK channel protein abundance in the cell membrane of B lymphocytes from gene-targeted mice expressing WNK-insensitive SPAK (spak tg/tg ) and from wild-type (spak wt/wt ) was determined. The BK channel protein abundance tended to be higher in B lymphocytes from spak tg/tg mice (21.5 ± 2.8 %) than in B lymphocytes isolated from spak wt/wt mice (17.5 ± 1.7 %), a difference, however, not reaching statistical significance. In order to estimate cell volume the forward scatter of lymphocytes was determined utilizing flow cytometry. As illustrated in Fig. 5 (Fig. 5) .
Discussion
The present study unveils a novel function of the serine/threonine kinases OSR1 and SPAK, i.e. the down-regulation of large conductance Ca 2+ -activated K + channels (maxi M513I+Δ899-903 . In contrast, BK activity is not significantly modified by the inactive OSR1 and SPAK mutants. Thus, kinase activity is required for the effect of OSR1 and SPAK on BK channels. These observations do, however, not necessarily mean that OSR1 and SPAK are effective by directly phosphorylating the channel protein. Instead, these kinases might phosphorylate proteins involved in the regulation of trafficking or function of the channels.
The negative effect of OSR1 and SPAK on BK channel activity could, at least in theory, delay repolarization of neurons and thus enhance neuroexcitation. OSR1/SPAK are known to increase neuroexcitability in part by activation of NKCC dependent Cl -uptake and inhibition of KCC dependent Cl -exit, effects increasing intracellular Cl -concentration, decreasing the Cl -gradient across the cell membrane and thus fostering depolarization rather than hyperpolarisation following activation of Cl -channels by the inhibitory neurotransmitter GABA [32, 46, 47] . OSR1/SPAK may thus contribute to neuronal hyperactivity in several clinical conditions including epilepsy, spasticity, neuropathic pain, schizophrenia, and autism [32, 46] .
The observed inhibition of BK channels is expected to curtail K + exit and trigger depolarization of the cell membrane. The depolarization is expected to favor Cl -entry. As a result, the inhibition of BK channels fosters gain of KCl with osmotically obliged water and could thus contribute to the known effect [88] [89] [90] of SPAK and OSR1 on cell volume. Accordingly, lymphocytes isolated from mice expressing WNK-insensitive SPAK (spak tg/tg ) were significantly smaller than lymphocytes drawn from wild type mice (spak wt/wt ). Moreover, exposure of the lymphocytes to the BK channel inhibitor iberotoxin was followed by a sharp increase of cell volume.
However, OSR1 and SPAK sensitive transport accomplishing regulatory cell volume increase [88] [89] [90] [32] , an effect closing a negative feedback loop. Thus, down-regulation of BK channel activity could contribute to but is not required for cell volume regulation by OSR1/SPAK. Accordingly, even in the presence of iberotoxin spak tg/tg lymphocytes were significantly smaller than spak wt/wt lymphocytes.
In conclusion, OSR1 and SPAK both down-regulate the BK channel activity, an effect presumably impacting on cell volume regulation and neuroexcitation. 
